Recent observations, reported by Warner and Woudt, of Dwarf Nova Oscillations (DNOs) exhibiting frequency drift, period doubling, and 1:2:3 harmonic structure, can be understood as disc oscillations that are excited by perturbations at the spin frequency of the white dwarf. Similar quasi-periodic disc oscillations in black hole lowmass X-ray binary (LMXB) transients in a 2:3 frequency ratio show no evidence of frequency drift and correspond to two separate modes of disc oscillation excited by an internal resonance. No effects of general relativity play a role in white dwarf DNOs, and no stellar surface or magnetic field effects need be invoked to explain the black hole QPOs.
QPO SIMILARITIES AND DIFFERENCES BETWEEN WHITE DWARFS AND BLACK HOLES
The highest frequencies of nearly periodic modulations of X-rays (HF QPOs) in black holes and neutron stars (van der Klis 2000, and references therein) attract a great deal of attention because it is thought that their frequencies reflect dynamic phenomena in the motion of matter in strong-field gravity. Disc oscillations in Einstein's gravity are a favored explanation, and a 2:3 ratio of frequencies has been pointed out by Abramowicz & Kluźniak (2001) and suggested to be a manifestation of non-linear internal resonance of accretion discs. Certain phenomenological similarities have recently been pointed out by Mauche (2002) ; Warner & Woudt (2002) between the power spectra in cataclysmic variables (CVs) and QPOs in neutron star and black-hole LMXBs. This has been taken to imply that QPOs and DNOs are an accretion disc phenomenon, because accretion disc are the only common structure between white dwarfs and black holes in binary systems (Kluźniak et al. 2004a) .
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More recently, Warner & Woudt (2005a, and references therein) have discovered that in dwarf nova outbursts in VW Hyi, the DNO oscillations (sub-Hz dwarf nova oscillations analogous to QPOs in neutron stars and black holes) exhibit period doubling and tripling. At times two or three frequencies in a 1:2:3 ratio are present at the same time in the light curve. At first sight this seems analogous to the frequencies reported in black holes (e.g., the frequencies in a 1:2:3 ratio in the source XTE J1550-564; Remillard et al. 2002) , and led to attempts at finding a common model for DNOs in accreting white dwarfs and QPOs in candidate black holes (Warner & Woudt 2005a) .
Here, we would like to point out the differences between white dwarf DNOs and black hole QPOs, and to give an interpretation of the DNOs in terms of the model of resonant disc oscillations invoked to explain the HF QPOs in black hole and neutron-star binaries (Abramowicz & Kluźniak 2001; Kluźniak et al. 2004b ). The differences are two-fold. In black holes the twin HF QPOs have fixed frequencies (McClintock & Remillard 2004) , while the DNO frequencies vary with time (as the luminosity decreases). Further, in white dwarf DNOs, on occasion, two or more variable frequencies are present simultaneously, always in a 1:2:3 ratio, i.e., more than one harmonic is present. In black holes, usually only one mode of oscillation is manifest at a given time. Although sometimes both HF QPO frequencies are present at the same time in some black holes (Strohmayer 2001; Remillard et al. 2002) , careful analysis reveals that the two frequencies are not harmonics of one non-sinusoidal oscillation (McClintock & Remillard 2004) . So, in fact, while the two phenomena are similar, they are not identical. We suggest that they can both be interpreted in the same framework of disc oscillations, but that the differences are related to the difference between black holes and white dwarfs. White dwarfs have a surface which can, e.g., support a magnetic field, and is capable of disturbing the disc strictly periodically at the well defined stellar rotation rate. None of these effects is present in black holes.
A DISC OSCILLATION MODEL FOR WHITE DWARF DNOS.
It has been suggested that the twin HF QPOs in black holes correspond to two different modes of disc motion (e.g., radial oscillations and essentially vertical oscillations of the disc) which are in a 2:3 frequency ratio because they are excited by an internal resonance in the accretion disc . The first mode can modulate the emissivity of the disc, but the second mode is less likely to do so. However, in a black hole, axisymmetric vertical motion of the disc can modulate the X-ray luminosity through gravitational lensing at the source, because the light trajectories are bent by differing amounts for different positions of the disc (Bursa et al. 2004) . One of the two modes of oscillation occurs at the vertical epicyclic frequency (or rather, its value at a certain position of the "center" of the accretion disc) and the other at the radial epicyclic frequency (in the same "central" sense). The two epicyclic frequencies are different in strong-field Einstein's gravity, but they are equal in Newtonian 1/r potential, and hence this cannot be the explanation of the presence of two frequencies in white dwarfs. Harmonic overtones are a more likely cause in these dwarf novae 1 . It has also been pointed out that in neutron stars an additional source of disc excitation is present (Kluźniak et al. 2004b; Lee, Abramowicz, & Kluźniak 2004) , and that direct evidence of a resonance excited in this way is present in the transient accreting X-ray pulsar SAX J1808.4-3658 (Wijnands et al. 2003; Kluźniak et al. 2004a ). We point out that the same source of excitation should be present in white dwarf systems, if a magnetospheric structure is present. Indeed, the observed period-luminosity relationship for DNOs prompted Paczyński (1978 , see also Warner 1995 to suggest that magnetically channelled accretion was responsible, whereas King (1985) attributed DNOs to the presence of transient magnetic fields generated by turbulent dynamo in the white dwarf's outer layers. Warner and Woudt (2005a) point out that the frequency of DNOs decreases with the mass accretion rate and interpret this as the pushing out of the inner edge of the accretion disc by a magnetic field structure whose pressure increasingly overcomes the ram pressure of the accretion flow. At a certain accretion rate the period of the DNO doubles, and Warner and Woudt interpret this as opening up of a geometric gap through which two hot spots become visible. Here we maintain the first part of this interpretation, but point out a possible alternative to the second.
An inspection of the data of Warner and Woudt (see Fig. 1 ) reveals that the period doubling does not occur at an arbitrary moment, but at that specific instant when the DNO frequency is about one half of its initial frequency. This can be understood if the observed frequency is that of an oscillation excited in the accretion disc by a perturbation applied at the constant spin frequency of the white dwarf.
We suggest the following explanation of the frequency evolution in Dwarf Nova Oscillations. During the decay from outburst maximum either a permanent dipole structure of the white dwarf (Paczyński 1978; Lasota 2004) , or a transient structure generated in a mechanism suggested by King (1985) , affects the inner radius of the accretion disc, as suggested by Warner & Woudt (2005a) . As the mass accretion rate drops (with the time elapsed from outburst's maximum), the magnetic pressure pushes out the inner radius of the accretion disc, as in Warner & Woudt (2005a) , and the position of the disc "center" moves out accordingly. The frequency of the fundamental mode decreases with the decreasing Keplerian frequency in the relevant parts of the disc, 2 and so do the frequencies of the overtones. The crucial
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point, is that the ratio of the overtones to the fundamental remains fixed in the process. All the while, the white dwarf disturbs the disc periodically at its (the white dwarf) spin frequency. The coupling is sufficiently weak that the direct forcing frequency is barely present in the disc, instead, the disc responds to the perturbation at its own eigen-frequency (Kluźniak et al. 2004b; Lee, Abramowicz, & Kluźniak 2004 ), e.g., the "central" epicyclic frequency, which constantly decreases during the decay of the dwarf-nova outburst. Eventually the eigenfrequency of the disc drops to about one half of the perturbing frequency, and the perturbation can now resonantly excite a second harmonic. Once excited, this harmonic is preferentially maintained by the same perturbations, even as the disc eigenfrequency decreases. In VW Hyi at late times in the outburst, three frequencies are seen, in a 1:2:3 ratio ( Fig. 1) The highest of these could be the second overtone, or it could be the non-linear beating of the strongly excited first overtone and the weakly present fundamental, at f3 = f2 + f1.
In another interpretation of the DNO fundamental frequency, Warner & Woudt (2005b) suggest that the frequency, linearly decreasing in time, can be understood as the period of rotation of an equatorial accretion belt magnetically coupled to the accretion disc, and possessing a nonaxisymmetric structure (for the model, originally proposed by Paczyński (1978) , see Warner (1995) ). In this case, the decreasing frequency reflects the decreasing rate of angular momentum accretion onto the white dwarf, but the relevant properties of the disc (such as its inner radius) do not vary strongly in the later parts of the outburst In this case, if one assumes strong coupling of the boundary layer to the disc, we would expect (and suggest) that the oscillatory motion of the disc is well approximated by that of a forced non-linear oscillator, i.e, the prime response would be at the forcing frequency of the boundary layer rotation. As this forcing rotation decreases, eventually a resonant response at a harmonic of the fundamental frequency of disc oscillation occurs, when the forcing frequency becomes equal to about one-half (and later one-third, for the second harmonic) of the accretion disc eigen-frequency.
We suggest that the observed DNO corresponds to the disc response. In support of this interpretation, we recall that a non-linear resonance occurs in a certain frequency range. In particular, as the driver frequency decreases, the resonance turns on suddenly, and at a frequency higher than the eigenfrequency of the oscillator. We note that in the data of Fig. 1 , the harmonics first appear at shorter periods (larger frequencies) than the shortest period of the fundamental, which was observed earlier in the outburst.
A similar mechanism cannot be invoked for black hole discs, not only for lack of a suitable perturbing agent. If in black holes the two HF QPOs in the 2:3 frequency ratio were also overtones, they could be excited in a range of frequencies (just as the DNO overtones are present over a range of frequencies, c.f., Fig. 1) . Instead, the black hole QPOs appear at fixed frequencies. This is consistent with two oscillatory modes of an accretion disc whose frequency ratio varies with the properties of the disc, and only for a certain state of a disc has the value 2:3, which can be excited by an internal resonance. For instance, the ratio of the vertical to radial epicyclic frequencies varies smoothly between unity and infinity, as the "center" of the disc moves in from very large radii to the radius of the marginally stable orbit.
CONCLUSIONS
The frequency evolution of the DNO oscillations, and their harmonic structure can be understood as the response of the disc oscillator to an external perturbation applied at a constant frequency while the disc eigenfrequency decreases with time, as its properties change. Alternatively, the DNO could be the forced response to a perturbation of steadily increasing period of a disc with a fixed eigen-frequency. The frequency drift is reminiscent of the kHz QPOs in low-mass Xray binary neutron stars, where the disc is also perturbed at the stellar spin frequency. But unlike in persistent LMXBs, the mass accretion rate drops monotonically in the dwarf novae outbursts, and so does the fundamental frequency of the oscillator, allowing an apparent period doubling as the higher harmonics become resonantly excited. When a monotonic decay occurs as in the neutron-star X-ray transient system Aql X-1 the (single) kHz QPOs are observed only during the so-called transition state close to maximum and then only short-timescale frequency-flux correlations are recorded (Maitra & Bailyn 2004; Zhang et al. 1998) . In general, in neutron-star X-ray binaries no QPOs are observed at the maximum and at the end of the outburst (e.g., Cui 2000) . One should keep in mind, however, that VW Hyi is unique among CVs in having QPOs that are most prominent at the end of the outburst.
The second high-frequency QPO in neutron stars does not have a counterpart in accreting white dwarfs. The HF QPOs in black holes cannot be excited by the spin of the (non-existent) central star, their frequencies are not variable and are in a definite 2:3 ratio, in agreement with the relativistic model of internal accretion disc resonance.
